Mammalian body temperature oscillates with the time of the day and is altered in diverse 3 pathological conditions. We recently identified a body temperature-sensitive thermometer-like 4 kinase, which alters SR protein phosphorylation and thereby globally controls alternative splicing 5 (AS). AS can generate mRNA variants containing premature termination codons, which are 6 degraded by nonsense-mediated decay (NMD). Here we show extensive coupling of body 7 temperature-controlled AS to NMD, leading to global control of temperature-dependent gene 8 expression (GE). Temperature-controlled NMD-inducing splicing events are evolutionarily 9 conserved and pervasively found within RNA-binding proteins, including most SR proteins. NMD-10 inducing exons are essential for rhythmic GE of SR proteins and have a global role in establishing 11 temperature-dependent rhythmic GE profiles, both, in mammals under circadian body temperature 12 cycles and in plants in response to ambient temperature changes. Together, these data identify 13 body temperature-driven AS-NMD as an evolutionary ancient, core clock-independent mechanism 14 to generate rhythmic GE. 15 16
Introduction 1
Circadian clocks act as cell autonomous time-measuring devices, which anticipate active and 2 resting phases and coordinate behavior and physiology accordingly. The mammalian circadian 3 timing system is organized in a hierarchical manner: The central pacemaker in the brain's 4 suprachiasmatic nucleus (SCN) serves as a master regulator to coordinate circadian clocks 5 throughout the body (Dibner, Schibler et al., 2010) . Therefore, information on the geophysical time 6 (light-dark) is transferred from the retina to the SCN, which then uses diverse neuronal and 7 humoral cues to synchronize circadian clocks in other 'light-blind' parts of the brain and in other 8 organs of the body (Gerber, Saini et al., 2015) . Although the mechanisms of synchronization are 9 different in the various organs, the conventional perception is that the majority of 24-hour rhythms 10 depends on an identical transcription-translation feedback loop in each cell of the body (Ko & 11 Takahashi, 2006) . However, only ~50% of circadian mRNA rhythms depend on de novo independent 24-hour rhythms in GE may be difficult to discriminate from real circadian oscillations 17 in vivo (reviewed in (Preussner & Heyd, 2018) ) and our mechanistic understanding of these 18 rhythms is limited. 19
Systemic body temperature cycles (Refinetti & Menaker, 1992) In our previous work, we revealed key components regulating temperature-dependent AS. 30
Essential regulators are members of the family of SR proteins (13 canonical members in human), 31
which share a domain rich in serine and arginine residues, known as the RS domain (Manley & 32 Krainer, 2010) . The phosphorylation level of SR proteins controls their activity and serves as a 33 fast and extremely sensitive molecular thermometer transferring the signal 'body temperature' into recognized and degraded by the NMD surveillance pathway and for SR proteins this is understood 6 as a mechanism associated with homeostatic control (Ni, Grate et al., 2007) . However, the 7 extreme evolutionary conservation is a strong indicator for further biological functions. AS-inducing 8 NMD (AS-NMD) is not restricted to SR proteins and can thus dynamically control global GE 9 . 14 Here, we investigated to which extend AS-NMD is regulated by temperature and how this 15 mechanism globally regulates body temperature-dependent GE. We find that NMD isoforms of 16 different RBPs, especially SR proteins, are highly responsive to changes in the physiological 17 temperature range, and that temperature-controlled AS-NMD of SR proteins is sufficient to de 18 novo generate 24-hour rhythms in GE. Temperature-dependent AS-NMD is conserved from plants 19
to human, controls thousands of mRNAs and represents a global mechanism for the generation 20 of rhythmic 24-hour GE in vivo. The temperature-sensing feedback loop inducing AS-NMD bears 21 striking similarity to the classical circadian transcription-translation feedback loop, both relying on 22 rhythmic expression of a core machinery that controls itself and many output genes, but represents 23 an independent and widespread mechanism to generate rhythmic GE. Furthermore, this 24 mechanism shows wider evolutionary conservation than the classical core clock, pointing to an 25 essential role in integrating temperature signals beyond the classical day-night cycle into cellular 26 GE programs. 27
28
Results 29
Temperature-dependent AS-NMD occurs frequently in primary mouse hepatocytes 30
The detection of temperature-dependent, PTC-containing isoforms requires depletion or 31 pharmacological inhibition of the NMD pathway (Rehwinkel, Raes et al., 2006) . NMD occurs co-32 translational, and therefore blocking translation (e.g. via cycloheximide (CHX)) represents a fast 33 and reliable way of blocking the NMD pathway (Hurt et al., 2013). To identify temperature-controlled splicing isoforms inducing NMD, we performed RNA-Seq on freshly-isolated primary 1 mouse hepatocytes, incubated either at 34 or 38°C and treated either with DMSO or CHX ( Figure  2 1A). A principal component analysis revealed clear clustering of the biological triplicates and 3 comparable effects of both temperature and CHX on AS ( Figure S1A ). Using Whippet (Sterne-4
Weiler, Weatheritt et al., 2018), we initially identified over 3800 genes with CHX-sensitive splicing 5 events at either 34°C or 38°C. A quarter of these events lie within genes previously associated 6 with NMD ( Figure S1B ), validating our approach for identification of NMD-inducing isoforms. Next, 7
we identified 4740 temperature-controlled (comparing 34°C and 38°C) splicing events in the CHX-8 treated cells ( Figure S1C and Table S1 ). Only 1/3 of the strongest 1000 events and about 60% of 9 all events respond in a similar manner in the DMSO control, indicating non-NMD events (Figures 10 1B and S1D, heat-skipped or cold-skipped). All other isoforms, almost 2000 in total (Table S1) , 11 lose their temperature-dependence in the DMSO control, indicating NMD-mediated degradation 12 of one isoform, as it only accumulates in CHX-treated cells. These cases can be categorized into Globally, the NMD-inducing isoforms are dramatically stabilized by CHX, often with changes in 24 NMD exon abundance of 60% or more, at either cold or heat conditions. In addition to skipped 25 exon events, we also find temperature-dependent AS-NMD in the form of alternative 3' or 5' splice 26 sites, intron retention, mutually exclusive exons, transcription starts and transcription ends ( Table  27 S1 and below), and the quantity and diversity of temperature-and CHX-controlled isoforms is 28
indicative for a global impact on temperature-dependent GE levels. Additionally, certain NMD 29 isoforms are almost exclusively found at one temperature (examples in Rsrp1 and Fus; Figure  30 S1E) and our approach of screening for AS-NMD at different temperatures thus expands the 31 collection of known NMD-inducing isoforms. 32
Overall, inclusion levels (percent spliced in, PSI) predicted by Whippet and validated by RT-PCR 33 from independent biological samples show strong correlation, allowing us to draw reliable 34 conclusions from our bioinformatics analysis ( Figure S1F ). In all presented examples, as well as globally, the direction of PSI changes in DMSO correlate with PSI changes in CHX, confirming 1 that these variants are present also in DMSO but are stabilized after CHX treatment ( Figure S1G ). 2
When analyzing all genes with potential NMD events (all isoforms stabilized by CHX at 34 or 38°C) 3 we find that almost 40% of these genes contain temperature-regulated NMD isoforms (Figures 1D  4 and S1H), showing that NMD isoforms are pervasively responsive to temperature changes, which 5 is consistent with a global role in shaping temperature-controlled GE. Interestingly, we find 6 temperature-controlled NMD events enriched in RBPs ( Figure 1E and below), which could 7 represent the temperature-controlled core machinery that is able to amplify the temperature signal 8
to control further downstream output events. In summary, temperature-controlled AS-NMD 9 represents a frequent mode of posttranscriptional regulation, with wide implications for 10 temperature-controlled GE levels. 11
12

RBP expression is controlled through temperature-dependent AS-NMD 13
Our bioinformatics analysis identified over 60 RBPs with temperature-regulated NMD exons of 14 different types (Figure 2A , see also Table S1 ). Most of these AS-NMD events are alternative 15 cassette exons (e.g. Hnrnpdl, Hnrnph3), but there are also different types such as alternative last 16
exons (e.g. Cirbp). In the presented examples, a temperature change of 4°C is sufficient to change 17 AS by 20-30%, e.g. Hnrnpdl 60% to 95%, indicating a strong regulatory impact on the expression 18 of the respective RBPs (Figure 2A ). We have recently shown this particular temperature-19 dependent AS event in Cirbp to be regulated by CLK activity and found that E7b inclusion reduces 20
Cirbp GE (Haltenhof et al., 2020). In line with these findings, we find the E7b isoform to be strongly 21 stabilized by CHX and observe a correlation of higher abundance of the NMD isoforms (particularly 22 in the CHX condition) with decreased overall GE in the DMSO control in Cirbp and all other cases 23 analyzed ( Figure 2B ). For example, in Hnrnpdl the NMD isoform makes more than 90% at 38°C, 24 correlating with a 4-fold reduction in GE. Note, that although the change in Cirbp exon 7b inclusion 25 between the two CHX conditions is visible as a drastic change in the Sashimi plot ( Figure 2A , only 26 10% of reads from exon 6 span to exon 7b at 34°C, while this is the case for almost 70% of reads 27 at 38°C), Whippet quantifies this as a still severe but lower difference of about 15% ( Figure 2B ). 28
For global correlations, we therefore include only skipped exon events, which are more robust to 29 quantification. When considering all candidate RBPs with temperature-dependent AS-NMD 30 skipped exon events, we observe a highly significant global correlation of temperature-dependent 31 NMD-isoform generation and reduced GE levels in DMSO control ( Figure 2C , left). Consistent with 32 CHX preventing degradation of NMD-inducing isoforms, this correlation is completely abolished 33 in the CHX samples ( Figure 2C , right), strongly arguing for AS-NMD being the primary cause of 34 temperature-dependent changes in GE levels. Looking at all genes with temperature-controlled cassette exon NMD events, the global trend is still present, although to a lesser extent ( Figure  1 S2), indicating that temperature-dependent GE requires AS-NMD but is additionally controlled by 2 other mechanisms. In summary, these data reveal a mechanism that globally controls GE in a 3 temperature-regulated manner via AS coupled to the NMD pathway. 4 5 Temperature-controlled AS-NMD is evolutionarily conserved across endotherms 6
We next elucidated the evolutionary conservation of temperature-regulated AS-NMD. For SR 7 proteins, it was previously described that these have NMD-inducing exons with ultraconserved 8 regions (Lareau et al., 2007) but their function was only linked to producing homeostatic GE levels. 9
We hypothesized that these ultraconserved regions likely have additional functionalities and could 10 be involved in controlling temperature-dependent GE of SR proteins via AS-NMD. We indeed 11 detect AS-NMD variants for most SR proteins, ranging from temperature-insensitive to strongly 12 temperature-dependent ( Figure S3A evolutionarily-conserved regulation of SR proteins through (circadian) temperature changes. We 26 also note that splicing-regulation is reverted already within 4-8 hours at one temperature, which is 27 indicative for an autoregulatory feedback loop. Furthermore, we have validated additional 28 temperature-dependent NMD isoforms for Hnrnpdl, Hnrnph3, and Cirbp in Hek293 cells ( Figure  29 3C), consistent with high evolutionary conservation (see conservation track in Figure 2A ). 30
Importantly, we find that all temperature-controlled AS-NMD exons as well as several 100 31 nucleotides in the surrounding introns are extremely conserved across placental organisms 32
( Figure 3D and conservation tracks in Sashimi plots in Figures 2A and 3A) , arguing for an 33 evolutionarily vital function. Consistent with (Thomas, Polaski et al., 2020) , this conservation is present in all AS-NMD exons. Finally, we exemplarily investigated temperature-controlled Srsf2 1 AS in hamster, rabbit and chicken cell lines (chicken as a non-placental endothermic organism), 2 and strikingly find exon 3 inclusion promoted by heat and CHX in all cases ( Figure 3E ), thus 3 demonstrating conserved regulation in all investigated endothermic organisms. The percentage 4 of heat-induced NMD exon inclusion varies between 8% in rabbit cell or human Hek293 and up to 5 80% in primary mouse hepatocytes indicating species-or tissue-specific differences in SRSF10 6 expression or activity. In summary, we find that temperature-dependent NMD exon inclusion in 7 SR proteins anticorrelates with SR protein expression and is highly evolutionarily conserved, 8
indicating an essential function in regulating temperature-dependent GE. rhythms to these cell lines, we find that removing the temperature-dependent exon is sufficient to 19 abolish rhythms driven by external temperature cycles in both cases (E3 in Figures 4B and 4C) , 20
showing that conserved NMD-inducing alternative exons in SR proteins indeed are necessary for 21 their temperature-dependent GE. 22
23
Temperature-dependent AS-NMD regulates expression levels of SR proteins in A. thaliana 24
The pervasive identification of temperature-controlled AS-NMD in distinct SR proteins (and other 25 RBPs) indicates an evolutionary advantage in homeotherms. To span a broader evolutionary 26 spectrum, we next asked whether a similar mechanism is also in place for poikilotherms, which 27 experience much greater differences in (body) temperature (10°C during a day-night cycle and 28 often 50°C in seasonal changes compared to 1-2°C change in body temperature in mice). We 29 therefore examined temperature-dependent SR protein splicing and expression in A. thaliana, 30 temperature-dependent effects. When assessing changes in GE, we strikingly find that all 18 SR 2 proteins show a clear temperature-dependent regulation ( Figure 5A ). Some genes additionally 3
show a light-dependent expression pattern, but temperature is in general the dominant signal. 4
About half of the regulated SR proteins show higher GE at 20°C, while the other half is cold-5 induced. Interestingly, we find at least one example for both warm-and cold-expressed SR genes 6 in all but one SR protein subfamilies ( Figure 5B ), which may suggest partially complementing 7 functions. Within the RNA-Seq data we find clear evidence for NMD-inducing AS that is challenging without stabilization of the respective isoforms, we were able to identify 80 NMD 17 isoforms clearly affected by temperature (Table S1 ). Consistent with our findings in mouse, there 18 is a highly significant anti-correlation between NMD isoform inclusion and GE ( Figure 5E ). This 19 includes a temperature-controlled AS-NMD event in the snRNP assembly factor At-GEMIN2 20 ( Figure S5D ), which was previously identified as a key regulator of downstream temperature-21 dependent clock-related splicing events (Schlaen, Mancini et al., 2015). In conclusion, these data 22 expand our findings from the mammalian to the plant system, identifying temperature-dependent 23
AS-NMD as an evolutionary pervasive mechanism that adapts SR protein expression to changing 24 temperatures. During mammalian evolution, AS-NMD in SR genes arose independently, 25 evolutionary rapid and in an SR protein specific manner (Lareau & Brenner, 2015), thus showing 26 that cis-regulatory elements regulating temperature-dependent AS-NMD independently arose in 27 homeotherms and poikilotherms. This suggests a broad evolutionary advantage of temperature-28 dependent SR protein expression and is indicative for an evolutionary-conserved and -adapted 29 temperature sensor controlling SR protein activity. 30
31
Body temperature-regulated AS-NMD generates 24-hour rhythms in GE 32
Finally, we address the question to which extent rhythmic GE in vivo is depending on naturally-33 occurring body temperature cycles. We therefore compared the acrophase (time of maximal GE) 34 of heat and cold-induced genes across a circadian cycle in mouse liver (Atger, Gobet et al., 2015). Strikingly, we find that genes with higher expression at 38°C in hepatocytes predominantly peak 1 during the night when mice are active and have a higher body temperature. In contrast, cold-2 induced genes from hepatocytes rather peak during the colder day ( Figure 6A , top), providing 3 evidence for a direct function of body temperature cycles in generating 24-hour rhythmic GE. 4
Consistent with a function of temperature-dependent AS-NMD in this mechanism, we additionally 5 find that genes with a cold-induced NMD skipped exon event peak during the night, while genes 6 with a heat-induced NMD skipped exon event tend to peak during the day (Figure 6A , bottom). Of 7 note, of the 254 genes with temperature-induced AS-NMD skipped exon events, 102 were found 8 to exhibit cyclic expression. 9
As one particular example, we analyzed Srsf10 expression in vivo in detail and find a clear time 10 of the day-dependent formation of the non-productive Srsf10 isoform ( Figure 6B , right y-axis). 11
Consistent with our data from cultured hepatocytes, we observe antagonistic 24-hour rhythms in 12 GE across a circadian day in vivo in liver ( Figure 6B , left y-axis). This is not a tissue-specific but a 13 general effect, as shown by validations in samples from mouse cerebellum confirming increased 14 non-productive splicing in combination with lower GE during the day ( Figure S6A ). Similar to other Here we report that temperature-regulated AS coupled to NMD occurs frequently in diverse genes 26 from evolutionary distant species. We furthermore show that these splicing events are sufficient 27 to generate temperature-dependent GE changes and to induce 24-hour rhythms in GE. Together, 28 these data are consistent with a model where body temperature-controlled AS-NMD represents a 29 second, core clock-independent generator of 24-hour rhythmic GE. Classical circadian cycles in In addition to SR proteins, we identified temperature-controlled NMD-inducing splicing isoforms in 18 many other RBPs. Mechanistically, it will be interesting to investigate, whether these splicing 19 events are directly controlled by SR proteins or whether temperature also controls the activity of 20 other RBPs (e.g. by phosphorylation or other post-translational modifications). The presence of 21 temperature-regulated AS-NMD isoforms in many RBPs is indicative for an interlocked network of 22
RBPs to post-transcriptionally adapt GE to temperature, representing a potential layer of signal 23 amplification. In mammals, this network requires sensors and modulators that are sensitive 24 enough to respond to temperature differentials of around 1°C, to be able to respond to daily 25 changes in body temperature. In recent work we have characterized CLK kinases as the direct Autoregulatory feedback loops were initially characterized as a mechanism allowing homeostatic 33 regulation of SR proteins (Lareau et al., 2007 , Ni et al., 2007 . Here, we report that the same 34 autoregulatory feedback loop is capable of producing rhythms in GE. An input signal controlling SR protein activity is sufficient to change SR protein expression. This has also intriguing 1 consequences for SR protein target genes, as activation of a protein reduces total levels of the 2 same protein. Target genes with high-affinity binding sites might therefore be bound and activated 3 (including the own pre-mRNA) while target genes with low affinity binding sites are not bound, due 4 to the reduced total protein levels, and therefore rather repressed. 5
At first sight the existence of two independent 24-hour rhythms appears puzzling, but these two and are therefore able to integrate all temperature-changing signals into complex GE programs. 13
In mammals, this could example involve body temperature changes associated with the female 14 hormone cycle (Nagashima, 2015) To isolate primary mouse hepatocytes, liver was perfused with PBS and digested using Collagen 31 digestion solution. Liver was transferred into a Petri dish and cells were liberated by mechanical 32 force. Cells were washed three time with Williams Medium E and 10% FCS and plated. To confirm temperature-dependent alternative splicing and gene expression in A. thaliana we 4 isolated RNA from 28-day old Col-0 plants kept only at 20°C or 31-day old Col-0 plants kept at 5 4°C for the last 3 days. For RNA isolation using Trizol (see below) we used ~100mg material from 6 leaves. 7
RT-PCR and RT-qPCR 8
RT-PCRs were done as previously described (Preussner et al., 2014) . Briefly, RNA was extracted 9
using RNATri (Bio&Sell) and 1µg RNA was used in a gene specific RT-reaction. For analysis of 10 minigene splicing the RNA was additionally digested with DNase I and re-purified. Low-cycle PCR 11 with a 32 P-labeled forward primer was performed, products were separated by denaturing PAGE were calculated for different conditions. See Table S2 for primer sequences. 18
RNA-Seq analysis and bioinformatics 19
Mapping of reads to reference genomes was performed using STAR version 2. was supplemented with mapped reads of NMD-inhibited sequencing samples (see Table S1 for 27 plant accession numbers) and the low TSL flag was not set. A splice event was considered 28 significantly different between two conditions with a |PSI| > 15%, probability > 85% and on 29 average more than 10 junction reads. For AS-NMD events of SR proteins that could not be 30
properly quantified by Whippet, PSI values were calculated based on junction read counts (e.g. For mouse data, splicing events were classified into the following groups: 12 1) events that show differential splicing upon temperature (34°C vs 38°C between DMSO or 13
CHX conditions) 14
2) events that show differential splicing upon CHX treatment (DMSO vs CHX in 34°C or 38°C 15 conditions) and no temperature-dependent differential splicing (34°C vs 38°C in CHX) 16
3) events that show differential splicing upon CHX treatment (DMSO vs CHX in 34°C or 38°C 17 conditions) and additional temperature-dependent differential splicing (34°C vs 38°C in 18 CHX) 19
4) events that do not fall into any of the above categories 20
Splicing events in groups 2) and 3) were identified as AS-NMD events. The temperature-regulated 21 events were further divided into cold-induced and heat-induced AS-NMD events (considering 22 directionality of the CHX-induction). AS-NMD events that showed different directionality upon 23 CHX treatment at the two temperatures were omitted from the analysis (these made up <2% of 24
CHX-induced events). 25
For A. thaliana, AS-NMD events were identified by using independent RNA-seq data from CHX-26 treated plants. These data did not include a temperature shift and therefore the classification 27 between temperature-dependent and -independent AS-NMD events has been done using 28 temperature shifted but not CHX treated data. Otherwise the classification was performed as for 29 mouse. (based on DESeq2 analysis, padj < 0.05) and AS-NMD level (based on Whippet and post-33 analysis, see above). Genes were sorted into 24 bins that represent 1h each. As the data are 34 highly skewed, normalization was needed. Therefore, the percentage of genes falling into each bin was calculated for all genes obtained from (Atger et al., 2015) , and the subsets of heat-1 expressed and cold-expressed genes as well as those of genes with cold-induced and heat-2 induced NMD events. The percentages for each bin in the subsets was then divided by this bin's 3 percentage of overall genes. The black circles shown in Figure 6A represent the normalization 4 line (expected proportion of genes if no effect was present). 5
Generation of CRISPR/Cas9 modified cell lines. 6
For genome-engineering in Hek293T cells, sequences flanking the conserved exons of Srsf2 or 7 Srsf10 (human) sgRNA candidates in silico using the Benchling tool. Upstream and downstream 8 of each exon at least one pair of oligos for the highest ranked candidate sgRNA (Ran, Hsu et al., 9 2013 ) was synthesized and subcloned into the PX459 vector (kindly provided by Stefan Mundlos). 10 sgRNA sequences are available on request. Cells were transfected in 6-well plates using Rotifect 11 following the manufacturer's protocol. 48 hours after transfection, the transfected cells were 12 selected with 1 μg/ml puromycin and clonal cell lines were isolated by dilution (Ran et al., 2013) . 13
Genomic DNA was extracted using DNA extraction buffer (200 mM Tris pH 8.3, 500 mM KCl, 5 14 mM MgCl2, 0.1% gelatin in H2O) and a PCR was performed using gene-specific primers to confirm 15 the exon knockout on DNA level. In promising clones the exon knockout was additionally 16 confirmed after RNA isolation by splicing sensitive PCR. 17
Western Blot 18
Nuclear fractionations (NX) were performed as previously described (Heyd & Lynch, 2010). SDS-19 PAGE and Western blotting followed standard procedures. Western blots were quantified using 20 the ImageQuant TL software. The following antibodies were used for Western blotting: hnRNP L 21 (4D11, Santa Cruz), SRSF10 (T-18, Santa Cruz). 22
Quantification and statistical analysis 23
Figure legends contain information on repetitions and statistical tests used. 24
Data and Software Availability 25
Full gel images and raw data files will be deposited as Mendeley Data. RNA sequencing data are 26 available under GEO XXX. 27
Contact for Reagent and Resource Sharing 28
Please contact M.P. (mpreussner@zedat.fu-berlin.de) for reagents and resources generated in 29 this study. Accession numbers to all RNA-seq datasets used in this study are noted in Table S1 . 30
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